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A more specific approach to improve neurodevelopmental outcome after perinatal hypoxia-ischemia or birth asphyxia is an important issue nowadays. Moderate hypothermia of the brain or the whole body has been proven to reduce brain damage after moderate-to-severe birth asphyxia. [1] [2] [3] [4] However, it is conceivable that combining this technique with a pharmacologic means of neuroprotection after birth asphyxia will further improve neurodevelopmental outcome. 5 Experimental and clinical studies point to several compounds that may be good candidates for this purpose. [6] [7] [8] [9] However, a major drawback in postasphyxial hypothermia or pharmacologic treatment is the small therapeutic window (at best within 6 hours after birth) in which treatment should be initiated. 5, 10 This window is even smaller when one aims to prevent or reduce free radical stress, an important cause of early reperfusion/ reoxygenation injury to the immature brain. Free radical formation occurs on reperfusion and reoxygenation with its maximal formation within the first 30 minutes after birth. 11, 12 The optimal point in time to start antioxidative treatment is at birth or even before birth. Because fetal hypoxia is an important determinant in the etiology of birth asphyxia-related encephalopathy, maternal treatment with antioxidative drugs, whether combined with early postnatal treatment such as hypothermia, may be a more optimal approach for reduction of reperfusionreoxygenation injury after perinatal hypoxia-ischemia.
In the present feasibility study, we investigated whether allopurinol, a xanthine oxidase inhibitor, and in higher concentrations also a direct scavenger of the toxic hydroxyl free radical and a chelator of non-protein-bound iron (NPBI), [13] [14] [15] reduced free radical formation in the fetus. There were several reasons for choosing allopurinol: the increasing evidence that allopurinol and its active metabolite oxypurinol improve neurodevelopmental outcome after moderate-to-severe perinatal hypoxia-ischemia when used in the early neonatal period 9, 16, 17 ; its proven ability to cross the human placenta 18 ; and its proven safety profile. 9, 13, 16, 18, 19 Therefore, we treated pregnant women with signs of fetal hypoxia, on the brink of delivery, in a double-blind, randomized manner, with intravenously administered allopurinol or a placebo. We hypothesized that maternally administered allopurinol crosses the placenta during fetal hypoxia (primary outcome), reduces fetal free radical formation, and ameliorates hypoxia-ischemia-related brain damage on the short-term as indicated by a decrease in fetal S-100B (secondary outcomes).
PATIENTS AND METHODS
Women in labor (gestational age of Ͼ36 weeks) with signs of fetal distress (as indicated by abnormal or nonreassuring fetal heart rate tracing as defined by the FIGO (International Federation of Gynecology and Obstetrics) criteria 20 or fetal scalp pH of Ͻ7.20 21 ) were treated in a doubleblind, randomized manner with either a single intravenous dose of 500 mg of allopurinol or a placebo (saline). Randomization was performed by the Department of Pharmacy of the University Medical Center Utrecht. Randomization sequence was generated by a computer program (Design 2.0 [Systat, Inc, Evanston, IL]) in blocks of 4. Patients were therefore randomly assigned to treatment with allopurinol or placebo according to this randomization sequence. Study drugs were prepared and labeled in a blind manner. Every site was supplied with study drug packages that were labeled with a unique set of numbers. The study drugs were stored at Ϫ20°C and thawed on the ward immediately before administration. Study medication was administered intravenously over 10 minutes after a thorough explanation and written consent from the mother and father, while the mother was being prepared for an emergency cesarean section or assisted vaginal delivery. In addition, women received acute tocolysis (either ritodrine or atosiban) to abolish additional detrimental effects of contractions on the fetal condition. The dose of allopurinol was derived from a study performed in healthy women in labor without fetal distress. 18 Women with signs of severe fetal distress who were being prepared for an emergency cesarean section were excluded from the study because of lack of time to properly prepare and perform the study protocol.
Maternal blood samples were obtained at the time of birth. Fetal blood samples were obtained from arterial cord blood. Maternal and cord blood investigation included plasma concentrations of allopurinol and oxypurinol and plasma concentrations of the free radical markers isoprostanes, total hydroperoxide, thiol groups, and NPBI. In addition, to assess the severity of fetal hypoxia, arterial cord lactate concentration was measured. 22 Protein S-100B concentration in arterial cord blood was used as a marker of central nervous system damage. [23] [24] [25] In addition, arterial cord plasma concentrations of liver functions (alanine aminotransferase, aspartate aminotransferase), renal function (urea, creatinine), uric acid, and troponin 1 (myocardial function marker) were determined. Blood samples for allopurinol and oxypurinol determination were collected in heparinized tubes, centrifuged, and stored at Ϫ20°C until analysis. Blood samples for evaluation of oxidative stress were centrifuged at 2000 rpm for 10 minutes, and the supernatant was stored with butylated hydroxytoluene, to prevent continuation of the oxidation process, at a temperature of Ϫ80°C.
All of the neonates participating in the study were examined medically after birth. Adverse effects of allopurinol on the white blood cell count and on the skin were monitored in the mothers and children. 13, 26 The study was approved by the scientific boards and ethical committees of the participating hospitals (University Medical Center Utrecht, University Medical Center Groningen, and Universidad Del Norte, Barranquilla). Recruitment took place in 2006 and 2007.
Analysis of Allopurinol, Oxypurinol, Total Hydroperoxide, Thiol Groups, Isoprostanes, and NPBI
The allopurinol and oxypurinol plasma concentrations were determined by using reversed-phase, highperformance liquid chromatography with UV-detection at 254 nm for the quantification of allopurinol and oxypurinol in plasma. 27 The method was linear between 0.5 and 25 mg/L with a lower limit of quantification of 0.2 mg/L for both compounds. F2-isoprostanes in plasma were measured by using the method of Morrow, 28 
RESULTS
Initially, 112 women were assessed for eligibility; 21 women refused to participate, 13 did not meet the inclusion criteria, and 25 were excluded for other reasons (such as insufficient time to properly prepare and perform the study protocol). A total of 53 mothers and 54 infants were included in the present study (Utrecht, n ϭ 38; Groningen, n ϭ 4; Barranquilla, n ϭ 11): 27 placebo-treated mothers and 26 allopurinol-treated mothers (1 multiple gestation). The allopurinol group was subdivided into a therapeutic allopurinol and/or oxypurinol (n ϭ 15) and a subtherapeutic allopurinol and/or oxypurinol (n ϭ 12) group on the basis of cord concentrations of allopurinol and/or oxypurinol (see also below). Table 1 gives relevant maternal characteristics as a function of treatment. No differences were found for any of the parameters shown. 
Maternal and Arterial Cord Allopurinol and Oxypurinol Concentrations at Birth
The time from the start of maternal administration of allopurinol or placebo to birth ranged from 18 to 190 minutes (median: 56 minutes) and 12 to 372 minutes (median: 48 minutes), respectively. Maternal allopurinol and oxypurinol concentrations were significantly higher compared with arterial cord concentrations. Figure 1 shows the box-whisker plots of maternal and arterial cord concentrations. Maternal allopurinol and oxypurinol concentrations ranged between 1.2 and 7.9 g/mL (median: 3.8 g/mL) and be- tween 1.5 and 6.4 g/mL (median: 3.2 g/mL), respectively. The arterial cord allopurinol and oxypurinol concentrations ranged between 0.2 and 7.3 g/mL (median: 2.0 g/mL) and 0.6 and 7.6 g/mL (median: 1.5 g/mL), respectively. Both allopurinol and oxypurinol inhibit xanthine oxidase activity. On the basis of earlier (pharmacologic) studies, we considered allopurinol cord concentrations of Ն2.0 g/mL and oxypurinol concentrations of Ն4.0 g/mL to be in the therapeutic range in terms of xanthine oxidase inhibition. [30] [31] [32] This was the case in 15 of the allopurinol-treated newborns. The 12 remaining allopurinol-treated newborns had subtherapeutic levels. Oxypurinol, but not allopurinol, concentration in cord blood showed a positive correlation with time after maternal allopurinol administration (r ϭ 0.71; P Ͻ .001).
Arterial Cord Lactate and S-100B Concentrations
Plasma lactate did not differ between groups. Figure 2 shows the boxwhisker plots for plasma lactate. Plasma S-100B concentrations, however, were significantly lower in the therapeutic allopurinol and/or oxypurinol group, suggesting less brain damage compared with the placebo group. Figure 3A shows the boxwhisker plots for the respective groups. Moreover, Figure 3B shows a significant correlation between the sum of allopurinol and oxypurinol concentrations on the one hand and S-100B on the other hand (r ϭ 0.59; P Ͻ .001).
Free Radical Markers in Maternal and Arterial Cord Plasma
Maternal free radical markers were always lower compared with arterial umbilical samples, except for total hydroperoxide concentrations. No significant differences were detected between the 3 groups with regard to isoprostane, thiol groups, total hy-
FIGURE 1
Maternal allopurinol (Mat ALLO) and oxypurinol (Mat Oxy), and arterial cord allopurinol (Cord ALLO) and oxypurinol (Cord Oxy) concentrations at birth shown as box-whisker plots.
FIGURE 2
Arterial cord concentrations of lactate of the placebo-treated (placebo), therapeutic allopurinol and/or oxypurinol (ALLO/OXY ϩ ), and subtherapeutic allopurinol and/or oxypurinol (ALLO/OXY Ϫ ) groups shown as box-whisker plots. droperoxide, or NPBI, although the latter 3 markers tended to be lower in the therapeutic allopurinol and/or oxypurinol group compared with the placebo group. Furthermore, NPBI was found significantly more in placebo and subtherapeutic allopurinol and/or oxypurinol cord blood compared with therapeutic allopurinol and/or oxypurinol cord blood (18 of 20 [placebo group], 10 of 10 [subtherapeutic allopurinol and/or oxypurinol group], and 7 of 15 [therapeutic allopurinol and/or oxypurinol group]; P Ͻ .05). Seven placebo and 2 subtherapeutic allopurinol and/or oxypurinol cord samples were hemolytic and NPBI could therefore not be determined reliably. Figure 4 shows the box-whisker plots of the free radical markers.
DISCUSSION
To our knowledge, this pilot study is the first to show that allopurinol administered to pregnant women in labor with fetal distress crosses the placenta in a similar way compared with pregnant women with healthy fetuses on the brink of delivery. 18 Fetal allopurinol and/or oxypurinol concentrations, however, were lower in arterial cord blood in newborns who suffered from fetal hypoxia compared with healthy counterparts as reported in the study by Boda et al. 18 Furthermore, we found that, if therapeutic allopurinol and/or oxypurinol concentrations could be established in the fetus, S-100B concentrations were substantially lower in arterial cord blood, suggesting less brain damage after fetal hypoxia.
However, several questions remain, which are partly due to the study set-up and the fact that the number of patients included in this pilot study was small. First, it was not possible to reach therapeutic allopurinol and/or oxypurinol levels in all neonates. This may have been because of the brief period between treatment and actual birth of the infant, which prevented optimal passage of allopurinol from the mother to the fetus. This problem is difficult to solve because the obstetrician will prefer a quick delivery of the hypoxic fetus. In clinical practice, however, this problem may be less pressing, because additional delay is more likely to occur in a study set-up because of the time taken for explanation of the study and obtaining informed consent. Moreover, it is possible that a brief delay of delivery is acceptable if a clear improvement of the fetal condition can be verified by recovery of the fetal heart rate or fetal scalp blood samples, gaining some time to achieve optimal fetal allopurinol concentrations. Another reason for the sometimes subtherapeutic fetal allopurinol and/or oxypurinol levels may be that the dosage used in this pilot study, which was based on placental passage of (orally administered) allopurinol in healthy pregnant women in labor, 18 was too low because of hindered placental passage as a result of suboptimal placental function or intermittent umbilical cord occlusion. Given the absence of any adverse effect of neonatal or maternal allopurinol treatment in all human studies performed to date, 9, 13, 16, 18, 19 a higher dosage will be considered in a larger study that is currently being planned. Although oral administration may be an option in labor complicated by fetal hypoxia, we could not detect allopurinol or oxypurinol in arterial cord blood of 2 additional cases of fetal hypoxia in which we treated the mother with 600 mg of allopurinol orally (unpublished observation).
Second, only a short-term chemical end point with respect to brain damage and neurologic outcome was evaluated in the present study: the S-100B concentration in cord blood. S-100, and in particular its brain specific Bsubunit, S-100B in urine and/or blood, have been reported to be indicators of cerebral injury, [23] [24] severity of posthypoxic-ischemic encephalopathy, 33 and neurodevelopmental outcome 34 in preterm and term infants who suffered from birth asphyxia. A very recent article reports on the relationship between S-100B in umbilical blood at birth and acidosis and pathologic heart rate patterns during labor. 25 Moreover, a recent study by Berger et al 35 in infants with traumatic brain injury showed a strong relationship between S-100B and outcome. However, long-term follow-up with a detailed assessment of neurodevelopmental outcome of the children treated antenatally with allopurinol or a placebo will be necessary to prove a neuroprotective effect of antenatal allopurinol treatment. For this type of study, we estimate that a total of ϳ200 to 240 cases are needed to assess the effect of maternal allopurinol treatment on neurodevelopmental outcome after fetal hypoxia. This rather large number of inclusions is necessary, because the outcome of the mature fetus suffering from fetal hypoxia can be very variable as shown in earlier studies [36] [37] [38] and by the rather normal 5-minute Apgar scores and umbilical artery pH values of the 3 groups in the present study.
A final comment should be made concerning the free radical marker concentrations measured in our study. Although there was an indication that free radical production was less in the therapeutic allopurinol and/or oxypurinol fetuses, no significance was detected. However, the fact that significantly fewer cord blood samples had detectable NPBI in the therapeutic allopurinol and/or oxypurinol group may indicate that allopurinol did reduce free radical production. Furthermore, we are also unable to explain the lack of difference between groups with respect to plasma uric acid in the arterial cord blood. Assuming a substantial inhibition of xanthine oxidase activity in the therapeutic allopurinol group, one would expect lower uric acid concentrations. We postulate that the time between allopurinol administration and measurement of uric acid concentration may have been too short to assess differences in between groups. Furthermore, for xanthine oxidase to generate uric acid, reperfusion and reoxygenation are required. This was not the case in the cord blood that was used for uric acid determination.
Despite the considerations and uncertainties mentioned above, which may in part be related to the small sample size of the present pilot study, the preliminary results including the significantly lower S-100B concentrations in the therapeutic allopurinol group make it worthwhile to design a larger trial. In this trial the most important end point should be a clear marker of long-term neurodevelopmental outcome.
CONCLUSIONS
This pilot study shows that allopurinol crosses the placenta during fetal hypoxia. Given the considerably lower umbilical cord allopurinol and oxypurinol concentrations in the present study compared with concentrations measured after oral administration of an equivalent allopurinol dose to mothers in uncomplicated labor, 18 it is conceivable to assume that a higher allopurinol dosage should be administered during fetal hypoxia to achieve therapeutic concentrations in the hypoxic fetus. This assumption seems realistic, because all human studies to date in which allopurinol was administered to the mother and fetus or neonate did not show any short-or long-term adverse effects. Furthermore, newborns with therapeutic allopurinol and/or oxypurinol concentrations in cord blood had lower S-100B concentrations. Therefore, a larger trial in compromised fetuses at term seems warranted.
FIGURE 4
Maternal and arterial cord concentrations of the placebo-treated (placebo), therapeutic allopurinol and/or oxypurinol (ALLO/OXY ϩ ), and subtherapeutic allopurinol and/or oxypurinol (ALLO/OXY Ϫ ) groups of total hydroperoxide (U.Carr) (A), thiol groups (M) (B), isoprostanes (pg/mL) (C), and NPBI (M) (D), during birth shown as box-whisker plots. 
